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Numerical Investigation of Forward Flight Characteristics
of Multi-Ducted Fan
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Department of Aerospace Engineering, Pusan National University™™

ABSTRACT

Increasing cruise speed is an important issue for the development of the next generation
rotorcraft. Among several concepts proposed by previous research, the rotorcraft with
ducted fan demonstrates its possibility of high-speed flight. In this study, numerical
simulations are conducted to investigate the aerodynamic and flow characteristics of
multi-ducted fan in forward flight. The aerodynamic efficiency around front ducted fan is
determined by interaction between free-stream velocity and the induced velocity. While flow
characteristics of rear ducted fan are dominantly influenced by the front ducted fan.
Separation in the front ducted fan occurs faster than that of rear ducted fan, and the
separation at duct inlet induces an increase of fan thrust. As a result of interaction effect
between each ducted fan, relatively aligned inflow enters to the rear ducted fan. Therefore,
thrust of the rear fan is decreased steadily before separation, and sudden changes of thrust
in fans occur simultaneously. Due to the pressure decrease on lower surface, the normal
force of rotorcraft is reduced with forward speed.
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Nomenclature
A : Disk area (m?)
: Chord length (m)
¢, - Drag coefficient
¢ Lift coefficient
C;  : Thrust coefficient
N : Number of blades
P Power (KW
P Pressure (kg/m « s?)
r :Fan radus (m)
T :Thrust (N
t : Time (s)
U : Velocity of free-stream (m/s)
V.t Tip velocity (m/s)
Uy - TOWA inflow (m/s)
v;  * Induced inflow (m/s)
Vom0 + Free-stream inflow (m/s)
a  :nflow angle (%)
Q.rr : Effective angle of attack (°)
o, * Angle between disk plane and free-stream
()
p  : Density (kg/m?)
s : Source term (m/s%)
.M B
s dste ZHAA AAHE FHox Hadh
FH FHS BT de HYgAR Gy = 3§
A7l1l= 2 ol&Fws E AR/ A& H o]
7bsstthe 5ol vk aEv Akl 3
A7l B3 5 @l o s 9 A
—rxﬂﬂ kAt #Hol £% 150~170 knot, =3
£ 130~150 knot A== A7) wl&] &

A 8]

Se wae] Q2]
o)y n%se A AAZA, 1% 1Y
A 2E Buel=dA vehb: 4HY mus

o A|FAT|ANE S Edd dd S5
& ABC 7/ldl4ls A& X258 T Fol
o} £3H 9 Eurocopter= 2013d %% B 3<S
&gk X3 MEblE & Foll e, Ao
AHSH(Advanced High Speed Helicopter) =271
A6le 53 20239 PSV-3 S4Hs HxE dT4E
A&yt k. w= DARPA(Defense Advanced
Research Project Agency)= Z% o %% 300
knot ]9 3= el7] S 98] VIOL X-plane
AP S zlaetar 9k o] AYS Fal AlAlE b
PFAE FoME E3] YA Phantom swifte}
S 2 #}ALe] Excalibur(Fig. 1)7F 23 ZAA A
S TH7].

B JALe] Phantom swift(Fig. 1(a)E A<}
) Edel F 4709 HE S Rt HE
Ao AL HE FA uwe} Lift fan, Fan in
wing, Ducted fan o2 Egn A= gkt
[8-17]. H3& AFES S HE W& P44 5
oz Qs 4 ofF 2 4FA Syt 2Ast
A o, A% 5Ao] ettt FHo] &
A gk ey A 9E T s uhe

(a) Boeing Phantom swift

(b) Aurora Excalibur

Fig. 1. Rotorcraft of X-plane project



E A

046 B 2 5%, 2018 2 og ©

4%

of S% M FYF AFol WA, o2 A%
HE 4% W w4 5ol Feam.

o [$)

A8 AFELS F2 A7 e Gl sy
RN P dE FEEAT. 2=

Aol HEZF &= vgA HE ¢
kM, 53] tF 4
A dds AAlSE
FEst] 2 AT
A= EYAFS] Phantom swift(Fig. 1(a)e} &
o] Pzt FAl tF YEE 7HA = v A
A A ATE Fds AT AR SE u
o X} 14 o]
ow,

S A

H

i
™

s
T
Ch
SE
ofy
rv i
()
o

ofs
32

],

S

A1
A
A

ox MI
£

o

. =xd 7|¥H

-
=2
R
rl
Ho
off
ol
-
o o
do
o

le)
ol OpenFOAM[18]e] 784 o2
A} tl2~= 7] (ADM, Actuator Disk Method)
gt F=E ARESFATH20]. Y 7IW
o2 Aou = ALt AAHq A &
ste w4x fra w37e Aitsid, sl
ATE AFESH
(2 (1), 2). °l
T fE W

[o] ] Ho] &= 5-F

i
t

W 1
1y
L 19

o A
o b
all
N
5 £
o, oft
o K
o =
ftlo
=
I =
fr =
b
e o

o
ox,
::’l
A

o
ol
=

=N 8 Q9 oft = O ol XA

Mo = °
Ho
fols
=
dlo
N
N
2
o
lo,
o2
1B
~
otk

T pV¥(ccosa; — ¢ sina;) 1)

NedA
4rr

pVA(¢sina; +cycosa;) (2)

%0, do
N
N N
to o
g &
H o
(ol
nt 24
)
o
e

)
rr

AN rlo
o
Ny

N
-~

r'l

g = L

)
RN
fofh O 0 ol

I X fo

2,
)
ok
(B o :"EL mi to
P ful By o

=2
2

H8) S digt £A4 A4 97

Ao g YE AS 7HAe HPAE T4

Hl g gl F2- " A3 Add 9E A&

TEalH, a1 v Alo= QS 9L 2o

2 &3t ety 9E o] FEEE P99

AR v SEe AdF oz AE g AT
= 7

st} o] & Ztsle] 2 AFoA = HgFA 7]
Hko] Navier-Stokes H7 2 S AM8-3}tf.

Mol gFS wrdstr] fskd 2 (3 2o
S AAA AxF(s)S FIIE v gEA

Navier-Stokes 8 2S &3t

oU 1
E“F(U' V)U—V . (”UVU)ZS_;VP (3)
Nez olgomNY HEI Fa rE A%
s olgsto] AzF AwstE F9 gs 7 5
o2 wel WY HEE Bl wgelel g%
% gAe] A @e e dez Agsan
AT
s_pdV (4)

OpenFOAM 7]%F PIMPLE 3|4 2& 7|uko 2
A2 ] predictor §HA ol

o
£
ol
ol
38
o
£
Mo
offt

L
O+
il

TS o RNoBE[2]] g BA A
A AnRE FSIEE ZEE AAE A

T Mo E = AIZE AES 918 S
Aol H&e 123 FE% Local Euler 71HS
ARESEATE S5 2 W F A" "y Sl disA
v 22 Agx T AEHS A&sda Ji
B2 k—w SSTE Al&3tA

Az A

2 9 %i—-’;’-éﬂ EC155b1[22]
HE 3484921 (Fig. 2), Al
2H 9 S ol= I X7zt u}

H
)

Fig. 2. Geometry of ducted fan tail
rotor for validation



98 =Ud - oAE - uEE T 2 T B ek
B —I—Rve‘ference ] ‘;jv—E- Cl’:}‘?_i!i‘]:’:l 03R O]'F/H Z‘Iﬁoﬂ %‘OF’J Ipm
- v }“m‘ S A I g WEko 2 3| sl wol 93k
———— Reference 25
e o 7k el MAE MERLS AAE 67
- Edol=rt wEstA mAEHo o EHol=
% I &> NACAQO120o1t. @& &A1 <l[24l=
Zzstel mdw sgou, 2w Iy Py
L T WA ET ¢ gl FES Y= UHA
1 skt
23 4 = 2 HY AR
. ™ Collective pitch angle(e®) s okx o1F3l upel o] WE 3 HHyAE A
. X A o o] i R A= ] 2| b
Fig. 3. Thrust and power as a function of “EO Ao WS ;Li"}Efv *Exﬂq EEL U
. . o) A T o] - 1 ol
collective pitch angle Te EeAMe A L& owsE WA ed
a8y 2 AFdAE A FE ST mE Y
2 293 599 nuaU) Fig. 3¢ ECI5b1 = A WE 5S4 % AT wss 243k
o 71E AY A3 % 4 BS olgd sxy  OIETH 2F 2 wAS 2870 TH sl
4 A7H23)E vepdth wetde olfz g T boR s1® ARSI Sustax W WS
= 2o 2 1 =9 g1 459 o] M &£& g9 giste] e FRsHAT
o] &) AAW £x J9E 0 knotoll A 75 knot

T e Beel= WX ZeA /1E A
Ak ol @A} ks AL Festart. o
= 1E Y Ak ANA NG Astelv], @
J2H w5 fe EF AE oF 5 A
¥ Ay x7e) Forgd o
EAEL B9 F4 2L A4 2o
g FANN A% MuE 5
3% olule] AU Ane =Hach
2.2 34

9% 9 @ A3
s Fig. 49 &
§ Aol -

A

T
T

A o FAdel Az A ]
27y 78 m, 3 m, 1 mo|t}. FA
B o/HEo= 126R "ozl A Hd 7 JEZ]
FTAlol f1AstH HE A F3 ik 77 1
m, 1.1¢]t}.

R

R

Fan2

Fig. 4. Geometry of multi-ducted fan
for analysis

0
NAZ dAstd e, ol W 7oz
. 1ARE ZUEHE ¥
2 o &
S A okt FAo he

A7) Fig. 58 2tk o
AAE ALY or sgoen tF HE #
Ao RHE W AEe] 30uY st HE
Az, HE ¢ sA xW2
T s &3t

1t
HE i g9 suAe] 44 4
3z

N 2
ot ]

ji
o
oZ

=

[<IRST)

TR
o

i ¥2
o
~
5
ol
au} "
(m on s
X
T
ol 0}5:]
LS
2
2
S
=
& (o
2w
o 4|
w
S

fl o

o412 2
> ox Mo X oo Y ox o

30R

Fig. 5. Computational grid



2018. 2. 0% ¢

Hink

46 B B 25K,

E 3z

H 3 SAo Wat #44 a7 99

st7] 9ete] nlgAZRE W wkxFo 2u)] o]
gl =g AzE AT

A = ATFE S 4] vE 2EER
A 4] AxE At om, Axty H
7} 30 knotZ M7 w]gstE 7oAl F¥ A
2 vlwstdTh Table 16 A= Arel #E 7
2kell AFg-¥ CPU(Intel Xeon 3.2 GHz) 7<=, @l
A AIZFE WAlE o Table 20 &4 AdE
YepSlth 25 ke Ak 7 2™ Ax)
%l Gridd Ayete] ztol& H&= YERH Ao|Th

ARo| g 8 A4E ¥ gk Table 28
=8, 71 A7 AA(Grid) e 7HE =E e At

(Grid4)e] AlAFe] vl Al =8 zpo]= 4% vk
o]™, 30 knot WXl W] =] A9 Hd 95%
74A - zbel7F HAEES & = Yk Gridl
Gird4ell wlste]l 95%¢] 4% ztel& e A RE

q
o]
AR EE FHeAL o 23w $&nE, B
A7e) B4 F shbel 27] A wAA A
&9 A% A5 KA TE bR £

o7 BAHEJT AR E AFAE A A
she] AUy ZWg A weiskel Gridd ol
A2 A AYS 223 15% el Aol=
UrE‘rlH Grid3& o] &3 a4 3 245 535
}\}\ .
Table 1. Grid test for numerical validation
Grid | Total Cells | No. cores | Time (h)
Grid1 2.24 % 10° 8 8
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Grid3 | 15.5x10° 16 31
Gridd | 18.2x10° 40 38
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Grid4 0.058 (-) 0.042 (=)
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